ABSTRACT: Virus-poly(3,4-ethylenedioxythiophene) (virus-PEDOT) biocomposite films are prepared by electropolymerizing 3,4-ethylenedioxythiophene (EDOT) in aqueous electrolytes containing 12 mM LiClO 4 and the bacteriophage M13. The concentration of virus in these solutions, [virus] soln , is varied from 3 to 15 nM. A quartz crystal microbalance is used to directly measure the total mass of the biocomposite film during its electrodeposition. In combination with a measurement of the electrodeposition charge, the mass of the virus incorporated into the film is calculated. These data show that the concentration of the M13 within the electropolymerized film, [virus] film , increases linearly with [virus] soln . The incorporation of virus particles into the PEDOT film from solution is efficient, resulting in a concentration ratio of [virus] film : [virus] soln ≈ 450. Virus incorporation into the PEDOT causes roughening of the film topography that is observed using scanning electron microscopy and atomic force microscopy (AFM). The electrical conductivity of the virus-PEDOT film, measured perpendicular to the plane of the film using conductive tip AFM, decreases linearly with virus loading, from 270 μS/cm for pure PEDOT films to 50 μS/cm for films containing 100 μM virus. The presence on the virus surface of displayed affinity peptides did not significantly influence the efficiency of incorporation into virus-PEDOT biocomposite films.
■ INTRODUCTION
Biocomposite films consisting of a protein component and an electronically conductive organic polymer such as polypyrrole, polyaniline, or poly(3,4-ethylenedioxythiophene)(PEDOT) provide an expedient route to the preparation of neural electrodes, 1−3 biocompatible surfaces, 4−6 biosensors, 7−13 and gas sensors.
14 Such biocomposite films can often be synthesized in a single step involving the electropolymerization of monomer from aqueous electrolytes in the presence of the protein. 15 PEDOT is an attractive polymer for the preparation of such biocomposites due to its excellent electrical stability, 3 high electrical conductivity, 16 and biocompatibility. 17−19 Recent work has demonstrated that PEDOT is capable of incorporating large biomolecules including fibrinogen (MW = 330 kDa) 16 and collagen (MW = 300 kDa) 20 ( Table 1) . Biocomposites of conductive polymers and virus particles have been prepared previously: Biocomposite fibers composed of virus particles, including M13 21, 22 and tobacco mosaic virus (TMV), 14, 23, 24 and conductive polymers have been prepared by chemical polymerization. The quantity of virus particles incorporated into these polymer fibers, however, was not measured in these studies.
Previously, we have shown that composites of PEDOT and filamentous bacteriophage M13 can be prepared by electrodeposition. 25−27 M13 is a filamentous virus that is 6 nm in width, is ∼1.0 μm in length, and has a MW = 16.4 MDa. 28 Films and nanowires composed of this virus-PEDOT biocomposite have been used as the basis for biosensors. 25−27 Upon exposure to solutions containing a target molecule that binds to the virus particles, films of the virus-PEDOT biocomposite show an increased electrical impedance, 26 while nanowires show an increased dc resistance. 25, 27 The mechanism of this electrical transduction process has not been determined and remains under investigation. To elucidate the mechanism of transduction and to optimize the performance of these biosensors, the influence of the concentration of the M13 particles within the PEDOT matrix on the biosensing response must be understood. The purpose of this Article is to establish the means to measure and control the M13 content of electrodeposited virus-PEDOT films, and to observe the influence of virus incorporation on the morphology and electrical conductivity of these biocomposites.
This Article has four specific objectives. The first is to establish a quantitative relationship between the virus concentration in the EDOT polymerization solution, [virus] soln , and the virus concentration in the biocomposite film, [virus] film , prepared by electrodeposition. Quartz crystal microbalance (QCM) gravimetry 29−33 and coulometry permit this correlation to be established. Second is to determine the influence of virus particles in the polymerization solution on the rate of the electropolymerization process. Electrochemical measurements provide this information. Third is to determine the influence of virus particles on the film thickness and the film surface topography. Scanning electron microscopy and atomic force microscopy are used to probe the topography of the film surface. Fourth is to measure the influence of virus incorporation on the electrical conductivity of the biocomposite film. Conductive tip AFM is used for this purpose.
■ EXPERIMENTAL SECTION
Materials. All chemicals and reagents were purchased from SigmaAldrich and used as received, unless otherwise noted. Milli-Q UV water (ρ > 18 MΩ cm) was used for the preparation of all solutions and for the rinsing of all samples.
Synthesis of Virus-PEDOT Films. Circular gold electrodes (3 mm diameter, CH Instruments) were cleaned by mechanical polishing with progressively smaller particle size diamond polishing compound (1 μm, 0.25 μm, and 0.1 μm, Ted Pella) on a polishing microcloth (Buehler) and sonicated in water for 10 min each. The electrodes were then placed in fresh piranha solution (3:1 H 2 SO 4 :H 2 O 2 ) for 10 min. Electrodes were then rinsed thoroughly with water and dried under a stream of dried nitrogen gas. To ensure reproducible positioning of the platinum wire counter electrode, it was wrapped around the tip of the cleaned gold working electrode and held in place using tape, as previously described. 34, 35 A saturated mercurous sulfate (MSE) reference electrode was used. These electrodes were placed in the virus-PEDOT plating solution (12.5 mM LiClO 4 , 2.5 mM EDOT, and 3−15 nM M13 bacteriophage) and equilibrated for 1 min. Electropolymerization occurred by scanning from 0.80 to 0.20 V vs MSE for 10 cycles using a PARSTAT 2273 controlled by POWERCV software (Princeton Applied Research) at a scan rate of 20 mV/s. The total electrodeposition charge, Q tot , was calculated by integrating the current for these scans. Freshly synthesized virus-PEDOT films were then rinsed with water and immediately analyzed.
Cyclic Voltammetry Analysis. Cyclic voltammetry measurements were performed on virus-PEDOT films with varying concentrations of virus in 12.5 mM LiClO 4 with a 50 mV/s scan rate.
Conducting AFM and SEM Analysis. Conducting tip atomic force microscopy (c-AFM) imaging was performed in a laboratory air ambient using an Asylum MFP-3D-SA atomic force microscope (Asylum Research) and Asylum ASYELEC-01 tips in the ORCA module. Briefly, a sample bias of up to 2.0 V was applied to the gold surface on which the electropolymerized virus-PEDOT films were supported, while the AFM tip was maintained at virtual ground. Topographs were obtained over a 20 μm range at 512 × 512 pixels and flattened line by line. A current histogram was generated with current values measured at each pixel along the image. Image processing was performed via attached software package provided with the AFM. Scanning electron microscopy was performed using a Philips XL30 FEG SEM at an operating voltage of 10.0 keV. All samples were coated with a thin layer of Au−Pd by sputter-coating prior to SEM examination.
QCM Analysis. Gold-coated AT-cut quartz crystals (5 MHz, Stanford Research Systems) were used as working electrodes for the electrodeposition of virus-PEDOT composite films via a modified version of the method previously described. 25−27 A virus-PEDOT plating solution (10 mL) was placed in a Teflon QCM cell together with a planar platinum counter electrode and a MSE reference electrode. This solution was equilibrated for 1 min prior to electrodeposition. The frequency of the crystal was monitored using a 5 MHz frequency oscillator (Stanford Research Systems, model QCM 25) and frequency digital controller (Stanford Research Systems, model QCM 200) interfaced to a LabView program. After deposition, the QCM crystals were rised with water and dried in a 175°C vacuum oven for 6 h. The mass of these films was then measured again by QCM to obtain the dry weight of the film. The mass of the incorporated virus was calculated using the following equation, which is based upon calibration of the QCM crystal using silver electrodeposition:
(1)
where Δf virus-PEDOT is the total frequency change resulting from virus-PEDOT film electrodeposition, Δf PEDOT is the frequency change attributable to the PEDOT component only, and Q tot is the total electrodeposition charge. K, m, and b are constants determined from calibration. For in situ QCM measurements, K = 55.9 Hz cm 2 μg −1 , m = 1.3 × 10 7 Hz cm 2 C 1−1 , and b = 56 Hz; whereas for ex situ measurements of dried films, K = 49.0 Hz cm 2 μg −1 , m = 4.4 × 10 6 Hz cm 2 C −1 , and b = 120 Hz.
■ RESULTS AND DISCUSSION
Virus-PEDOT biocomposite films were prepared by electrodeposition from solutions containing both virus particles and the monomer EDOT using cyclic voltammetry. 36 For aqueous solutions of 12.5 mM LiClO 4 and 2.5 mM EDOT containing no virus particles, the onset for EDOT polymerization takes place at +0.58 V vs MSE, and little change in the amplitude of the peak oxidation current occurs over 10 successive scans ( Figure 1a ). As the virus concentration in the plating solution, [virus] soln , is increased, the peak oxidation current is progressively reduced as compared to the virus-free control (Figure 1b) . Because successive deposition scans produce the same deposition charge, Q tot (Figure 1a The surface of the biocomposite film, observed by scanning electron microscopy, becomes rougher as [virus] soln increases. In the absence of added virus, the surface of the PEDOT film is smooth and featureless (data not shown). The protrusions seen in Figure 2a , which are 100−500 nm in size, are observed exclusively when virus is present in the polymerization solution. The number of these protrusions on the surface of the bicomposite film increase with [virus] soln (Figure 2c−f) , suggesting that this topography correlates with the incorporation of virus into the PEDOT film. This conclusion is reinforced by measurements of the surface roughness using atomic force microscopy, described below. The SEM images of Figure 2 resemble those for fibrinogen 16 and collagen 20 incorporated into PEDOT films, as well as the SEMs of virus incorporated into PEDOT films that we have previously published. 26 The dimensions of these protrusions are 20−80 times the diameter of individual virus particles (∼6 nm), and this suggests that these protrusions consist of bundles of filamentous virus particles, possibly encapsulated in a layer of PEDOT.
The capacitance of the virus-PEDOT film is an important attribute from the standpoint of its biosensing behavior because changes in the capacitance of the film contribute to the impedance change induced by the binding of a target analyze molecule. 26 The capacitance of pure PEDOT and virus-PEDOT films prepared using 10 deposition cycles was measured in 12.5 mM LiClO 4 using cyclic voltammetry (CV, Figure 3a) . The film capacitance, C, was obtained from the amplitude of the current envelope, i c , according to the 2 ), a fact that is consistent with the known porosity and electronic conductivity of PEDOT films. 36 Measured values of C were directly proportional to Q tot , independent of [virus] soln (Figure 3c) . The fact that all of the capacitance data for virus-PEDOT films fall onto the same line implies that the incorporation of virus particles into the biocomposite does not alter the capacitance produced by the PEDOT component of the film, the quantity of which linearly correlates with Q tot .
To determine the effect of the incorporation of viruses on the vertical film conductivity, σ ∥ (i.e., the conductivity of the biocomposite film measured parallel to its growth direction and perpendicular to the working electrode), virus-PEDOT films prepared from a range of [virus] soln concentrations were studied using c-AFM (Figure 4) . Concurrent topography and current images, acquired using a constant imaging bias, were acquired for films of pure PEDOT and three films prepared from polymerization solutions with [virus] soln = 3, 9, and 15 nM. Shown in Figure 4a are two pairs of representative c-AFM images for the pure PEDOT film (Figure 4a,b) and a film prepared using [virus] soln = 9 nM (Figure 4 c,d ). As was already indicated, the topography of pure PEDOT films was featureless with a rms roughness of 12 nm. The film σ ∥ was calculated from such c-AFM images by assuming a tip contact area of 100 nm 2 as previously described. 38 The σ ∥ of pure PEDOT films was spatially invariant with a mean value of 270 μS/cm. This value is approximately 4 orders of magnitude lower than σ ⊥ previously measured for PEDOT films in our group. 39 A similar disparity between σ ∥ and σ ⊥ with σ ⊥ /σ ∥ ≈ 1000 has been reported for films of PEDOT/PSS (PSS = poly(4-styrenesulfonic acid)). 40, 41 For that material, this anisotropy has been attributed 40 to the existence of a lamellar structure in which layers of pure PEDOT are separated by thinner PSS layers, but direct microscopic or diffraction evidence for this layered morphology has not been obtained so far. If M13 virus particles form analogous layers within virus-PEDOT biocomposite film, then electronic transport in the direction parallel to the growth direction would be impeded just as reported for PEDOT/PSS.
While the average value of σ ∥ is reduced by the incorporation of virus particles (Figure 4e ), c-AFM images for PEDOT films prepared from virus-containing solutions (Figure 4c,d ) also show much greater variation in the electrical conductivity than is seen for pure PEDOT films. For virus-PEDOT films, protrusions are seen in the topography image (Figure 4c ) that correlate with high current features in the current map of the surface (Figure 4d ). As was already indicated above, these protrusions seem to be caused by entrained virus particles in the PEDOT film, but because M13 virus particles are not electronically conductive, we believe these virus particles are overcoated with a conductive PEDOT layer. This hypothesis is also consistent with the diameter of these fibers, which is enlarged by 20−80 times compared to the 6 nm diameter of M13 (Figure 2) . In previous work, Niu et al. 21, 23, 24 have shown that biocomposite fibers containing M13 or TMV can be prepared by wrapping these viruses with conductive polymers to produce structures similar to those seen in Figure 2 . This wrapping process occurs spontaneously during the homogeneous polymerization of the polymer in virus-containing aqueous solutions, 21, 23, 24 so it is possible that this wrapping process also occurs for virus particles during heterogeneous polymerization at an electrode surface.
The data presented above show that properties of virus-PEDOT films, including the topography of these films, the electrical conductivity, and the electrochemical capacitance, are all altered as a function of [virus] soln . These data provide indirect evidence for the incorporation of virus particles into the PEDOT film during the electrodeposition process. Direct evidence for virus incorporation is provided by measuring the mass of the biocomposite film using the quartz crystal microbalance (QCM) ( Figure 5) . A plot of frequency versus time for the electrodeposition of a pure PEDOT film using 10 voltammetric scans (Figure 5a) shows stepwise decreases that correlate with the electrodeposition of PEDOT onto the QCM crystal. After every two deposition cycles, the QCM mass was allowed to stabilize so that an accurate frequency change could be recorded. A plot of frequency versus Q tot acquired in solutions of varying [virus] soln (Figure 5b) shows two significant results: First, as the virus concentration increases, Q tot for the 10-cycle deposition decreases (Figure 5c , blue data). This result shows very clearly that the presence of virus in the plating solution impedes the polymerization of EDOT. Second, Δf versus Q tot is quasi-linear for each solution, and the slope of these plots increases with increasing [virus] soln . This means that the mass increase per unit deposition charge is augmented approximately in proportion to [virus] soln ( Figure  5c , red trace). These data are consistent with the incorporation of virus into the virus-PEDOT biocomposite film in amounts that depend upon [virus] soln . However, a meaningful measurement of the concentration of virus in the virus-PEDOT film, [virus] film , requires drying of the film, as described next.
The mass changes measured in situ may not accurately represent the mass of virus particles mainly because the mass of additional water contributes to this total mass measurement. 42 To remove the mass of the water, we also performed ex situ QCM measurements on PEDOT and virus-PEDOT biocomposite films after rinsing and oven drying. First, a baseline QCM measurement was made on a clean crystal in air. Next, either PEDOT or virus-PEDOT was electrodeposited onto this crystal; it was removed from the deposition solution, rinsed, and dried in a 175°C for 6 h to remove the hydrated water. After the crystal returned to room temperature in a desiccator, the mass of the crystal was measured a second time using the QCM to obtain the dehydrated mass of the film. The difference between the final and initial mass measurements yielded the mass of the dried film. We acquired these Δf versus Q tot data for six pure PEDOT films (Figure 6a , black data points) that show a linear mass increase as a function of Q tot . Also measured were biocomposite films prepared using [virus] soln = 3−15 nM (colored data points) and 9 nM solutions of two other viruses: H8, an M13 variant displaying a peptide that selectively binds prostate specific membrane antigen (PSMA), and BSA virus, an M13 variant displaying a peptide that selectively binds bovine serum albumin (BSA). For all of these virus-containing films, the mass is shifted higher from the linear PEDOT calibration (Figure 6a ). This shift results from the incorporation of virus into the PEDOT film. From this shift, the mass of virus added into the virus-PEDOT film can be calculated. We then normalized this mass by the thickness of the virus-PEDOT film, measured for each dried film using AFM, to obtain the concentration of virus in the dried biocomposite film ( Figure  6b ). We find that the virus concentration within the PEDOT films increases linearly with its concentration in the solution. (Table 1) . We also find that the two engineered virus particles capable of binding BSA and PSMA both fall close to this linear calibration, suggesting that the displayed peptides present on the capsid of these viruses do not interfere with their incorporation into the PEDOT film.
Why is the incorporation of M13 into the virus-PEDOT film so efficient? The electropolymerization of EDOT occurs according to the reaction shown in Scheme 1 (top). For the oxidized form of the PEDOT in perchlorate electrolyte, the value of x in Scheme 1 is 0.30. 42 In our experiments, a small concentration of ClO 4 − (12.5 mM) is augmented by a 3−15 nM concentration of M13. Our hypothesis is that the incorporation of M13 into PEDOT films is promoted by the fact that M13 has a large negative charge at pH = 7.2: The principal coat peptide of the virus, P8, contains three amino acids (Glu2, Asp4, and Asp5) near the N-terminus on the outer surface of the virus capsid that are negatively charged at physiological pH. 43, 44 Because the main portion of the M13 capsid is composed of 2700 copies of P8, 43 the total negative charge on the virus surface is large, and a significant Coulombic driving force exists for the incorporation of M13 into the positively charge PEDOT film formed by electropolymerization (Scheme 1).
■ CONCLUSIONS
M13 bacteriophage (MW = 16.4 MDa) can be incorporated into films of the electrically conductive polymer film, PEDOT, during electrodeposition in a concentration-dependent manner. Virus incorporation into the growing PEDOT film is efficient and culminates in the formation of virus-PEDOT films containing ∼8 μM concentrations of virus from 15 nM solutions, a concentration factor of ∼495. The loading of virus into the PEDOT film is linearly correlated with the concentration of virus in the EDOT polymerization solution. Increasing the virus loading interferes with PEDOT polymerization, reducing the polymerization rate, while simultaneously causing a reduction in the film of the electrical conductivity as evidenced both by capacitance measurements and by c-AFM measurements of biocomposite films. The reported results Figure 6 . QCM data for dried PEDOT and virus-PEDOT films. (a) Change in frequency of dried virus-PEDOT films with various concentrations of virus incorporated versus deposition charge. A calibration was generated using PEDOT-only films as seen in black to compare mass versus charge data. The frequency-to-mass conversion factor for the QCM is 49.0 ± 0.7 Hz cm 2 μg −1 . (b) Calibration curve for surface coverage of viruses in films versus concentration of virus in solution. Viruses with peptides displayed on their surface, prostate specific membrane antigen (PSMA) binding peptides (red) and bovine serum albumin (BSA) binding peptides (blue), were also incorporated to show that the presence of a displayed nonnatural polypeptide on the virus surface has little influence on its propensity to be incorporated into the PEDOT film.
Scheme 1. Electropolymerization of PEDOT in Electrolytes
Containing Perchlorate (Top) and M13 make it possible to optimize the biosensing performance of virus-PEDOT films with a more complete understanding of exactly how much virus is present in these films and how virus incorporation influences the electrical conductivity of these biocomposite films.
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